With the increasing abilities of robots comes a corresponding increase in the complexity of creating the software enabling these abilities. We present a case study of a sophisticated robotic system which uses an ontology as the central data store for all information processing. We show how this central, structured and easily human-understandable knowledge-base makes for a system that is easier to develop, understand, and modify.
Introduction
Robotic systems are becoming more capable, but this makes the software engineering involved harder. Systems must rely on multiple components each with a different function, often written by different people with different technical specialities, and frequently wrapping "third-party" modules developed completely independently. This is a problem that can be tackled from many different directions: clear architecture and documentation (for both the system being developed, and any third-party libraries it relies on); good communication and a clear reporting structure within the development team; following best-practice for software development; and defining clear interfaces between the different components of the system. We address this last problem. According to Brooks [2] The most pernicious and subtle bugs are system bugs arising from mismatched assumptions made by the authors of various components. which illustrates the importance of the issue. Our solution is to use a central ontological knowledge-base, shared between all components in the system. A novelty of our approach is that we attempt to store all the high-level knowledge of the robot in the knowledge-base, including observed objects, the robot's plans, and execution data such as inspection waypoints.
We consider the scenario of a mobile robot trying to find an item of interest in an unmapped area, which has general application to domains such as searching for survivors following a disaster, finding suspected bombs in sensitive locations, or performing autonomous science surveys in the oceans or on extraterrestrial planets. The complete robotic system is presented along with experimental results in [12] ; the aim of this paper is to explore in more detail how the components interact using the knowledge-base, and to highlight how this has benefited the development process.
Ontologies Background
We consider an ontological knowledge-base to be (i) a definition of the classes of things that may exist, properties they may have and potential relationships between them, and (ii) a store of instances of these classes and relations. While our system uses the W3C standard format for ontologies, OWL [9], we expect the benefits described in this paper would accrue to users of other systems for storing structured, semantically-tagged knowledge.
Ontologies are strongly associated with the semantic web [1], as they provide an ideal common language for the exchange of data between disparate webenabled systems. However, they were used before that by the AI community to solve exactly the kind of issues outlined in the introduction (see for example [3] ). The advantages of ontologies include the re-use of domain engineering outputs, readily available editing, consistency checking and reasoning tools, and an easily human-interpretable format for storing and amalgamating knowledge.
Recently they have gained in popularity in robotics, as shown by the IEEE working group developing a common ontology for robotics and autonomous systems [10, 11] . Ontologies have been used to represent domain and common-sense knowledge for household robots, in the KnowRob [13] and ORO [5] systems. They have been used as a data store for underwater robots [7, 8] , been integrated with probabilistic reasoning systems [4] , and as a bridge between perceptual data and semantic concepts for service robots [6] . We have adopted KnowRob for our ontology implementation.
System and Ontology
Our test setup is an indoor robot exploring an unknown area, but with knowledge of all of the object types it may encounter. We make the simplifying assumption that all faces of all objects are rectangular and of a single colour, but note that this framework extends to any object class which can be decomposed into recognisable sub-components. Our perception system can detect the colour, size and pose of rectangular surfaces, but observing one face of an object may not uniquely determine the object's class. Further observations will restrict the space of possible classes, and the set of possible worlds the robot might be in is maintained in the knowledge-base. Based on these possible worlds, the system creates a plan to explore the area so as to find a target object (of a known class) as quickly as possible.
The system is described and evaluated in [12] , but here we give an overview of its main software components:
